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a b s t r a c t
The lateral line system of anamniote vertebrates enables the detection of local water movement and
weak bioelectric ﬁelds. Ancestrally, it comprises neuromasts – small sense organs containing mechan-
osensory hair cells – distributed in characteristic lines over the head and trunk, ﬂanked on the head by
ﬁelds of electroreceptive ampullary organs, innervated by afferent neurons projecting respectively to the
medial and dorsal octavolateral nuclei in the hindbrain. Given the independent loss of the electrosensory
system in multiple lineages, the development and evolution of the mechanosensory and electrosensory
components of the lateral line must be dissociable. Nevertheless, the entire system arises from a series of
cranial lateral line placodes, which exhibit two modes of sensory organ formation: elongation to form
sensory ridges that fragment (with neuromasts differentiating in the center of the ridge, and ampullary
organs on the ﬂanks), or migration as collectives of cells, depositing sense organs in their wake. Intensive
study of the migrating posterior lateral line placode in zebraﬁsh has yielded a wealth of information
concerning the molecular control of migration and neuromast formation in this migrating placode, in this
cypriniform teleost species. However, our mechanistic understanding of neuromast and ampullary organ
formation by elongating lateral line placodes, and even of other zebraﬁsh lateral line placodes, is sparse
or non-existent. Here, we attempt to highlight the diversity of lateral line development and the limits of
the current research focus on the zebraﬁsh posterior lateral line placode. We hope this will stimulate a
broader approach to this fascinating sensory system.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The development of the mechanosensory and electrosensory
lateral line system of anamniote vertebrates is an excellent model
system to study key developmental processes such as cell migra-
tion, cell fate speciﬁcation and morphogenesis at the cellular and
molecular level, and also evolutionary processes, since different
components of this system – particularly the electrosensory com-
ponent – have undergone numerous independent losses, modiﬁca-
tions and gains in different lineages (Fig. 1A and B). The lateral
line system (reviewed in Bullock, 1982; Blaxter, 1987; Coombs et al.,
1989; Northcutt, 1997; Bullock et al., 2005; Coombs et al.,
2014) primitively consists of lines of mechanoreceptive organs
(neuromasts) in the skin (epidermis or dermis), ﬂanked by ﬁelds
of electroreceptive organs (ampullary organs), innervated respec-
tively by afferent lateral line nerves projecting to the medial and
dorsal octavolateral nuclei in the hindbrain. These organs sense
local water motion and weak bioelectric ﬁelds (resulting from the
leakage of ions across mucous membranes, including the mouth,
gills and cloaca; Wilkens and Hofmann, 2005; Bedore and Kajiura,
2013), and enable the animals to detect prey and/or predators,
orient themselves and respond to their environment. The central
components of the lateral line system may also have been funda-
mental to the evolution of the vertebrate cerebellum. The medial
and dorsal octavolateral nuclei each have a cerebellum-like organi-
zation, and are located ventrolateral to the cerebellum in jawed
vertebrates. They are also present in the jawless lampreys, which
lack a true cerebellum (Ronan and Northcutt, 1990; Khonsari et al.,
2009; Murakami and Watanabe, 2009). This has led to the proposal
that the cerebellum evolved in the jawed vertebrate lineage via
duplication of the dorsal (electrosensory) octavolateral nucleus,
which itself evolved via duplication of the medial (mechanosen-
sory) octavolateral nucleus (Montgomery and Bodznick, 2010;
Montgomery et al., 2012).
The lateral line system and its morphology was observed by
biologists several hundred years ago. As reported by Parker (1904)
and Johnson (1917), Steno and Lorenzini in the seventeenth
century described what are now known to be the pores of the
electroreceptive ampullary organs of elasmobranchs (sharks and
rays). Lateral line organs were originally thought to be mucus-
secreting glands: a sensory function was not proposed until 1850,
by Leydig (1850), and developmental studies were not performed
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for almost another 40 years. In his 1878 monograph on the
development of elasmobranch ﬁshes, Balfour (1878) described
how the lateral line grows posteriorly. Similarly, Beard (1884)
observed that the posterior lateral line in a teleost ﬁsh, the brown
trout (Salmo trutta) (Salmo fario), does not increase in length by
recruitment of ectodermal cells but that the lateral line itself
“grows back longitudinally along the whole length of the body.
This cord of cells gives origin to the sense organs of the lateral
line” (quoted in Wright, 1951). Platt (1896) studied a urodele
amphibian, the aquatic salamander (mudpuppy) Necturus, and
stated that the growth of the lateral line is chieﬂy through division
and migration and that the growing lateral line ‘plows’ through
the skin, “leaving a row of sense-organs in the wake” (Fig. 2A;
Platt, 1896). In the twentieth century, the ﬁrst experimental
approaches to lateral line development were taken by Harrison
and Stone, whose elegant transplantation, ablation and dye label-
ing experiments in anuran and urodele amphibians proved that
the posterior lateral line primordium migrates and gives rise to
sense organs on the trunk (Fig. 2B–D), and that lateral line sense
organs on the head, together with lateral line neurons, are derived
from placodes (Harrison, 1904; Stone, 1922, 1928b, 1928c, 1929,
1933, 1937) (reviewed in Wright, 1951; Northcutt et al., 1994;
Schlosser, 2002a). Ablation, grafting and vital dye labeling studies
in a urodele amphibian (the axolotl Ambystoma mexicanum), a
chondrostean ray-ﬁnned ﬁsh (the Mississippi paddleﬁsh Polyodon
spathula) and a cartilaginous ﬁsh (the little skate Leucoraja
erinacea) have also conﬁrmed experimentally that ampullary
organs as well as neuromasts originate from lateral line placodes,
at least in non-teleost jawed vertebrates (Northcutt et al., 1995;
Modrell et al., 2011a; Gillis et al., 2012).
Although a neural crest contribution to cranial and trunk lateral
line neuromasts was reported after DiI-labeling experiments in
two teleosts (the zebraﬁsh Danio rerio and the Siamese ﬁghting
ﬁsh Betta splendens) and a frog, Xenopus laevis (Collazo et al., 1994),
it is very difﬁcult to ensure speciﬁc injection of cranial neural crest
versus immediately adjacent cranial placodes in these embryos,
and neural crest-derived cells seen in trunk neuromasts could be
the neural crest-derived glia (Schwann cells) that are intimately
associated with the afferent lateral line axons that track the
migrating posterior lateral line primordium and innervate neuro-
mast hair cells (Metcalfe, 1985; Gilmour et al., 2002). Furthermore,
despite intensive study of trunk neuromast formation from the
zebraﬁsh posterior lateral line placode by numerous different
groups in recent years, using a variety of transgenic lines, no
Fig. 1. Phylogenies for (A) extant vertebrates and (B) teleost ﬁshes (neopterygian and teleost phylogenies after Near et al., 2012). The mechanosensory lateral line system is
found in all groups of extant vertebrates except the amniotes (mammals, birds and non-avian reptiles). The electrosensory lateral line system was independently lost (red
bar) along several lineages, including the cyclostome lineage leading to hagﬁshes, the ray-ﬁnned bony ﬁsh lineage leading to neopterygian ﬁshes (gars, bowﬁn and teleosts)
and, within the lobe-ﬁnned bony ﬁsh clade, the lineages leading to anuran amphibians (frogs, toads) and to amniotes (the entire lateral line system was lost in amniotes,
including the mechanosensory component). Lateral line electroreceptors (with a different electrophysiology to non-teleost electroreceptors) later evolved independently
(blue bar) within the teleost ﬁshes. (B) Within teleost ﬁshes, the phylogenetic distribution of electroreception suggests the convergent evolution of ampullary
electroreceptors once in the osteoglossomorphs (blue bar), along the lineage leading to notopterids (featherbacks or knifeﬁshes) and mormyriforms (elephantnose ﬁsh
plus the aba [African knifeﬁsh], Gymnarchus niloticus), followed by loss in the Asian notopterid lineage (red bar); and once in the ostariophysans (blue bar), along the lineage
leading to characiforms (tetras), gymnotiforms (American knifeﬁshes) and siluriforms (catﬁshes) (Near et al., 2012), followed by loss in characiforms (red bar). Electric organs
and the tuberous electroreceptors that detect electric organ discharges (green bar) subsequently evolved independently along the lineages leading to the osteoglossomorph
mormyriforms and the ostariophysan gymnotiforms. (Figure modiﬁed from Baker et al., 2013 with permission from the Journal of Experimental Biology).
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contribution of neural crest cells to neuromasts has been reported.
The weight of evidence therefore suggests that, apart from glia, the
lateral line system is entirely placode-derived.
Phylogenetic analysis has led to the proposal that, ancestrally,
jawed vertebrates possessed six cranial lateral line placodes
(Northcutt, 1989, 1997): three pre-otic placodes (the anterodorsal,
anteroventral and otic lateral line placodes – the latter not to be
confused with the otic placode, which forms the inner ear) and three
post-otic placodes (the middle, supratemporal and posterior lateral
line placodes). The “modular” nature of the lateral line system, both
developmentally and evolutionarily, is highlighted by the fact that one
or more of these six placodes have been independently lost in
different lineages. For example, within amphibians, the otic lateral
line placode seems to have been lost in the lineage leading to anurans
(frogs, toads), in some but not all urodeles and in some but not all
caecilians (for a detailed discussion, see Northcutt et al., 1994;
Schlosser, 2002b). In the only recent detailed morphological study of
cranial lateral line development in a teleost, the channel catﬁsh
Ictalurus punctatus (a siluriform; Fig. 1B), all lateral line placodes
except the supratemporal were identiﬁed (Northcutt, 2003, 2005).
All six lateral line placodes initially give rise to neuroblasts from
the pole closest to the otic vesicle: the bipolar placode-derived
neurons extend axons into the placode (as well as projecting
centrally into the hindbrain), and remain intimately in contact with
the placode as it migrates or elongates over the head or trunk (e.g.
Harrison, 1904; Johnson, 1917; Knouff, 1935; Metcalfe, 1985;
Winklbauer, 1989; Northcutt et al., 1994; Northcutt and Brändle,
1995; David et al., 2002; Gilmour et al., 2004). Neuromast hair cells
(but not electroreceptors) also receive efferent innervation from
motor nuclei in the hindbrain; the axons of these neurons seem to
track the sensory lateral line nerve in order to reach their targets
(Sapède et al., 2005).
In all groups except perhaps some teleosts, all lateral line
placodes except the posterior (i.e., all three pre-otic lateral line
placodes plus the post-otic middle and supratemporal lateral line
placodes) elongate to form sensory ridges on the head that
subsequently fragment and differentiate into sensory organs –
neuromasts forming earlier, in the center of the ridge, and
ampullary organs, if present, forming later, in the ﬂanks of the
ridge (reviewed in Schlosser, 2002a; Northcutt, 2005). The ante-
rodorsal lateral line placode elongates to form supraorbital and
infraorbital sensory ridges (i.e., above and below the eye); the
anteroventral lateral line placode forms sensory ridges on the
cheek and lower jaw, including the preopercular ridge); the otic
lateral line placode (when present) forms a short ridge that passes
lateral to the otic vesicle (Northcutt, 1997). The ﬁrst two post-otic
lateral line placodes also form sensory ridges near the otic vesicle:
the middle lateral line placode forms middle and temporal lines,
while the supratemporal lateral line placode forms supratemporal
and post-temporal lines (Northcutt, 1997). In teleosts, very little
information is available on the development of lateral line pla-
codes other than the posterior, probably because these placodes
are very hard to identify morphologically: they were not even
recognized until the advent of molecular markers, such as eya1
(Sahly et al., 1999). In the channel catﬁsh I. punctatus, all lateral
line placodes except the posterior elongate to form thin sensory
ridges (only 15–20 cells wide) on the head (Northcutt, 2003,
2005). However, in zebraﬁsh all lateral line placodes migrate like
the posterior lateral line placode rather than elongate to form
sensory ridges like the other lateral line placodes in non-teleosts.
Except in cartilaginous ﬁshes, in which all lateral line placodes
elongate to form a sensory ridge, the posterior lateral line placode
migrates onto the trunk as a group of cells that periodically drops
off neuromasts (Fig. 3A–D) (Platt, 1896; Landacre, 1926, 1927;
Stone, 1922, 1928b, 1928c, 1929, 1933; Fritzsch and Bolz, 1986;
Smith et al., 1988, 1990; Northcutt et al., 1994; Pichon and Ghysen,
2004). The ancestral pattern seems to be the deposition of the
complete series of neuromasts by the migrating primordium,
while in teleosts, neuromasts are deposited at intervals and
additional neuromasts formed later from an interconnecting
strand of primordium-derived latent precursor cells, the “inter-
neuromast cells” (Pichon and Ghysen, 2004; Grant et al., 2005;
López-Schier and Hudspeth, 2005).
Apart from the otic placode, which gives rise to the complex
morphology of the inner ear, lateral line placodes are the only
cranial neurogenic placodes that undergo such drastic morpholo-
gical changes after their induction (Baker and Bronner-Fraser,
2001; Schlosser, 2006). Most of our knowledge of the molecular
mechanisms underlying lateral line development stems from
studies of the migrating posterior lateral line placode in zebraﬁsh
(described below and reviewed in Ghysen and Dambly-Chaudière,
2007; Ma and Raible, 2009; Aman and Piotrowski, 2011; Chitnis
et al., 2011). Hardly anything is known regarding the earlier steps
of lateral line placode induction: like otic and epibranchial
placodes, they arise from the Pax2/8-positive, Sox2/3-positive
‘posterior placodal area’ that is induced by Fgf signaling (reviewed
by Ladher et al., 2010; Schlosser, 2010; see also Pieper et al., 2011),
and classical grafting experiments in urodele amphibian embryos
Fig. 2. In the majority of non-cartilaginous vertebrates, the posterior lateral line
placodes migrate and deposit lateral line sense organs. (A) The posterior lateral line
placode often splits into a dorsal and a ventral component, as seen in the
mudpuppy Necturus (an aquatic salamander) (reproduced from Platt, 1896).
(B) Fusion of the trunk of a lightly pigmented frog embryo (Rana palustris) with
the head of a darkly pigmented embryo (Rana sylvatica) demonstrated that
pigmented lateral line placodes from the head migrate onto the trunk where they
deposit sense organs (Harrison, 1904). (C,D) Stone (1933) transplanted pieces of
Nile blue-stained donor ectoderm containing the posterior lateral line placode onto
an unstained spotted salamander (Ambystoma maculatum; Ambystoma punctatum)
embryo. (C) 2 days post-transplantation the stained club-shaped placode had
started to migrate. (D) By 3 days post-transplantation, the placodes had migrated
further and deposited sense organs (reproduced from Stone, 1933).
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have suggested that they can be induced by signals from both
mesoderm and neural plate (reviewed by Baker and Bronner-
Fraser, 2001; Schlosser, 2002a). However, the molecules involved
in lateral line placode induction have not been identiﬁed. Simi-
larly, nothing is known at the molecular level about the control of
neuromast formation in the sensory ridges formed by elongating
(as opposed to migrating) placodes, or the formation of ampullary
organs, which zebraﬁsh lack (see next section). Although zebraﬁsh
only have one detectable pre-otic (anterior) lateral line placode
and one detectable post-otic (posterior) lateral line placode (Sahly
et al., 1999), they have all six major neuromast lines (Raible and
Kruse, 2000). Hence, all six placodes are presumably present, but
the three pre-otic placodes and the three post-otic placodes are
fused, or at least very difﬁcult to resolve.
Developmental and evolutionary independence of different
lateral line components
All extant anamniotes possess a mechanosensory lateral line
system, with the exception of some aquatic caecilians (which have
nevertheless retained the electrosensory lateral line system),
direct-developing caecilians and frogs (in anuran amphibians,
the lateral line system is usually lost completely at metamorpho-
sis) (reviewed in Fritzsch, 1989; Schlosser, 2002b), and myxinoid
hagﬁshes, where the receptors were secondarily lost (eptatretid
hagﬁshes have a clear lateral line homolog, despite differences in
receptor morphology) (Braun and Northcutt, 1997). Hagﬁshes,
together with lampreys – which have both mechanosensory and
electrosensory components of the lateral line system – comprise
the cyclostomes, the only living jawless ﬁshes and the monophy-
letic sister clade to the living jawed vertebrates (Delsuc et al.,
2006; Mallatt and Winchell, 2007; Heimberg et al., 2010) (Fig. 1A).
Given their phylogenetic position, the absence of the electrosen-
sory lateral line system in hagﬁshes is also likely to be a secondary
loss, particularly given the loss or reduction of many ancestral
characters in the hagﬁsh lineage (e.g. Wicht and Northcutt, 1995;
Ota et al., 2011; Oisi et al., 2013) (Fig. 1A).
Within the jawed vertebrates, electroreceptors were also inde-
pendently lost in the ray-ﬁnned bony ﬁsh (actinopterygian)
lineage leading to neopterygians (gars, bowﬁn and teleosts) and
in the lobe-ﬁnned bony (sarcopterygian) tetrapod lineage leading
to anuran amphibians (frogs, toads) (Fig. 1A) (reviewed in
Northcutt, 1997; Baker et al., 2013). However, in a fascinating
example of convergent evolution, electroreceptors evolved inde-
pendently at least twice within the teleosts: in the osteoglosso-
morph lineage leading to the African notopterids (featherbacks or
knifeﬁshes) and the weakly electric Mormyriformes (elephantnose
ﬁsh plus the aba [African knifeﬁsh], Gymnarchus niloticus), and in
the ostariophysan lineage leading to the Siluriformes (catﬁshes)
and the weakly electric Gymnotiformes (American knifeﬁshes)
(Fig. 1B) (reviewed in Northcutt, 1997; Baker et al., 2013). Electro-
reception as a sense was ﬁrst discovered in weakly electric teleosts
(Lissmann, 1951, 1958; Lissmann and Machin, 1958), and only later
discovered to be phylogenetically widespread within the verte-
brates (Bullock et al., 1983; New, 1997; Northcutt, 1997; Schlosser,
2002b). Mormyriforms and gymnotiforms also independently
evolved electric organs – modiﬁed muscle cells that generate
weak, high-frequency electric ﬁelds – and “tuberous” electrore-
ceptors that perceive electric organ discharges (self-generated
and/or from other ﬁsh) for electrolocation and communication.
Teleost electroreceptors cannot be homologous to non-teleost
electroreceptors, as their electrophysiology is different and they
respond to anodal stimuli rather than cathodal stimuli as in all
non-teleost electroreceptors (Bodznick and Montgomery, 2005).
However, they are innervated by lateral line nerves and the most
plausible hypothesis, which remains to be tested, is that they
evolved convergently via the genetic modiﬁcation of neuromast
hair cells (reviewed in Baker et al., 2013).
Since ampullary organs have been lost independently in multi-
ple different lineages that retained neuromasts, and there are also
rare examples (some aquatic caecilians) of species that have lost
neuromasts while retaining ampullary organs (reviewed in
Fritzsch, 1989; Schlosser, 2002b), the electrosensory and mechan-
osensory components of the lateral line system must be devel-
opmentally, as well as evolutionarily, independent to some extent.
Given that neuromasts and ampullary organs arise from different
regions within lateral line placode-derived sensory ridges, the
independent evolutionary loss of ampullary organs (or neuro-
masts) in different lineages must relate to developmental changes
Fig. 3. The posterior lateral line placode migrates; other lateral line placodes elongate to form sensory ridges. (A) At 24 hpf the posterior lateral line primordium (asterisk) in
a zebraﬁsh embryo has fully migrated onto the somites from its origin near the otic vesicle (OV). (B) The primordium has recently deposited the ﬁrst proneuromast.
(C) Higher magniﬁcation of the primordium in (A). Rosettes begin to form a short distance away from the leading region within the migrating primordium. (D) The post-
embryonic lateral line is composed of 4–6 proneuromasts in a row along the horizontal myoseptum. Panels A–D are reproduced from Aman and Piotrowski (2011) with
permission from Cell Adhesion and Migration. (E,F) Camera lucida drawings of ﬂat mounts of the head ectoderm of axolotl embryos at (E) stage 25 and (F) stage 37, showing
lateral line placodes in black and other placodes in gray. Panels E and F reproduced from Northcutt et al. (1994) with permission from Wiley and Sons. Abbreviations: ad,
anterodorsal lateral line placode; av, anterodorsal lateral line placode; lp, lens placode; mid, middle lateral line placode; ol, olfactory placode; otv, otic vesicle; pld, dorsal
subdivision of posterior lateral line placode; plm, main subdivision of posterior lateral line placode; plv, ventral subdivision of subdivision of posterior lateral line placode; st,
supratemporal lateral line placode.
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in the induction of organ differentiation within sensory ridges,
such as the loss – or changes in the timing – of competence and/or
inducing signals. The loss of the mechanosensory lateral line
system in the direct-developing frog Eleutherodactylus coqui (the
electrosensory lateral line system had already been lost in the
lineage leading to frogs) results from the loss of competence to
form lateral line placodes, as heterospeciﬁc grafts of axolotl
ectoderm are competent to form lateral placodes in E. coqui hosts,
but not vice versa (Schlosser et al., 1999).
Furthermore, there is variation across taxa in whether or not a
given lateral line placode (all of which form neuromasts) also
forms ampullary organs. Only the three pre-otic lateral line
placodes form ampullary organs in the Mississippi paddleﬁsh
(Modrell et al., 2011a), whereas in another chondrostean, the
shovelnose sturgeon Scaphirhynchus platorynchus, ampullary
organs are associated with the three pre-otic lines plus the
supratemporal line (Gibbs and Northcutt, 2004), and in the axolotl,
ampullary organs are formed by the pre-otic plus the middle and
supratemporal lateral line placodes (i.e., all except the posterior
lateral line placode) (Northcutt et al., 1994). Again, the failure of
speciﬁc placodes to form ampullary organs in different taxa must
relate to changes in competence or induction within those speciﬁc
placodes.
All non-teleost electroreceptors, whether associated with pre-
otic or post-otic lateral lines (i.e., presumably, whether derived
from pre-otic or post-otic lateral line placodes), are innervated by
the (pre-otic) anterior lateral line nerve projecting to the dorsal
octavolateral nucleus in the medulla (Bullock et al., 1983;
Northcutt, 1997; Bell and Maler, 2005). This includes the electro-
receptors found on the trunk in lampreys and lungﬁshes (the lobe-
ﬁnned bony ﬁshes most closely related to tetrapods, and the only
non-teleost jawed ﬁshes with ampullary organs on the trunk),
which are innervated by a recurrent branch of the pre-otic anterior
lateral line nerve (Bullock et al., 1983; Northcutt, 1986). The
embryonic origin of trunk electroreceptors in lampreys and lung-
ﬁshes is unknown: if they are derived from the posterior lateral
line placode, they would be the only examples in non-teleosts of
the posterior lateral line placode giving rise to electroreceptors.
Two modes of sensory organ formation by lateral line placodes
As mentioned above, lateral line placodes give rise to sensory
organs by two different mechanisms. In all cartilaginous ﬁshes and
bony ﬁshes including tetrapods (apart from amniotes which have
lost the lateral line and perhaps some teleosts, such as zebraﬁsh),
the pre-otic lateral line placodes elongate to form sensory ridges
above and below the eye, on the lower jaw and cheek, and near
the otic vesicle (Figs. 1C,D and 3E,F) (e.g. Allis, 1889; Beckwith,
1907; Harrison, 1904; Landacre and Conger, 1913; Johnson, 1917;
Winklbauer and Hausen, 1983a, 1985b; Northcutt et al., 1994;
Northcutt, 2003; Modrell et al., 2011a). Sensory ridge formation by
elongating placodes is characteristic for anterior and posterior
lateral line primordia in cartilaginous ﬁshes, such as sharks and
skates (Balfour, 1878; Johnson, 1917; Gillis et al., 2012).
In contrast, if we interpret some of the classical descriptions
correctly, migrating posterior lateral line primordia that deposit
sensory organs in their wake are characteristic for bony ﬁshes, i.e.,
both the lobe-ﬁnned clade, represented by amphibians (e.g.
Harrison, 1904; Platt, 1896; Stone, 1933; Knouff, 1935; Smith
et al., 1990; Northcutt et al., 1994), and the ray-ﬁnned clade,
including teleosts (Metcalfe, 1985; Northcutt, 2003; Ghysen et al.,
2010) and chondrosteans (sturgeons and most likely also paddle-
ﬁshes, given the shape of the posterior lateral line primordium as
determined by gene expression; Gibbs and Northcutt, 2004;
Modrell et al., 2011a, 2011b)
Because of the emphasis on the zebraﬁsh posterior lateral line
placode as a model (reviewed in Ghysen and Dambly-Chaudière,
2007; Ma and Raible, 2009; Aman and Piotrowski, 2011; Chitnis
et al., 2011), the observation that other lateral line placodes – in
non-teleosts and at least some teleosts (e.g. the channel catﬁsh I.
punctatus; Northcutt, 2003, 2005) – elongate into sensory ridges
and subsequently fragment into sensory organs, has not received
much attention in the past few years. The molecular mechanisms
that underlie this mode of lateral line development and associated
cell behaviors are therefore unknown.
In the following paragraphs we will brieﬂy describe the
signaling interactions that control zebraﬁsh posterior lateral line
placode migration and sensory organ formation. We will then
summarize descriptive literature of lateral line development of
other taxa and discuss differences with zebraﬁsh and what we can
learn by studying these other animals.
Posterior lateral line placode migration in zebraﬁsh
Harrison (1904) demonstrated through a set of transplantation
experiments between two different species of anuran amphibians
that the direction of migration is not determined by the surround-
ing tissues but that the primordium itself is polarized. When
Harrison surgically fused the trunks of a pigmented Rana sylvatica
embryo and a pale Rana palustris embryo, the pigmented R.
sylvatica primordium migrated onto the trunk and toward the
head of the R. palustris embryo (Fig. 4A; Harrison, 1904). His
results demonstrated that the primordium is not migrating along a
Fig. 4. Lateral line placodes are polarized. (A) Harrison (1904) extirpated the
posterior lateral line placode of a pale R. palustris embryo (e) and surgically fused
its trunk with that of a darkly pigmented R. sylvatica embryo. At 52 h post-surgery,
the pigmented posterior lateral line placode of the R. sylvatica embryo migrated
onto the trunk of the R. palustris embryo and migrated towards its head, indicating
that the primordium itself is polarized itself and not inﬂuenced by the environment
(reproduced from Harrison, 1904). (B) Schematic model of genetic interactions
between signaling pathways in the zebraﬁsh posterior lateral line primordium.
Wnt/β-catenin pathway activation in the leading zone leads to Fgf pathway
activation in the trailing zone. Exclusivity of these domains is maintained by the
induction of dkk1 by Fgf signaling in trailing cells and induction of sef by Wnt/
β-catenin signaling in leading cells. cxcr7b expression in leading cells is inhibited by
Wnt/β-catenin signaling, and cxcr4b expression is restricted from the trailing zone
via the activity of an uncharacterized repressor (R) that is inhibited if Wnt/
β-catenin signaling is active throughout the primordium (reproduced from Aman
and Piotrowski, 2008 with permission from Developmental Cell).
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chemokine gradient toward the tail tip, but that the primordium
itself must be polarized. This conclusion was conﬁrmed by Stone
(1928b). Signiﬁcant progress has been made over the past 10 years
in elucidating the molecular basis of this polarity (see Ghysen and
Dambly-Chaudière, 2007; Aman and Piotrowski, 2009, 2011; Ma
and Raible, 2009; Chitnis et al., 2011; Venkiteswaran et al., 2013).
Brieﬂy, feed-forward and feed-backward loops between Wnt/β-
catenin and Fgf signaling ensure that Wnt/β-catenin is restricted
to the leading region of the primordium and Fgf signaling is
restricted to the trailing region (Aman and Piotrowski, 2008)
(Fig. 4B). Wnt/β-catenin signaling is expressed in mesenchymal-
like undifferentiated cells, whereas Fgf signaling induces sensory
organ formation and hair cell speciﬁcation in the trailing cells
(Nechiporuk and Raible, 2008; Matsuda and Chitnis, 2010). The
restriction of these two signaling pathways to opposite poles of
the primordium is crucial, as this polarity controls polarized
expression of the two chemokine receptor genes cxcr4b and cxcr7b
(Nechiporuk and Raible, 2008; Aman and Piotrowski, 2008)
(Fig. 4B). cxcr4b is expressed most highly in leading cells, whereas
cxcr7b is only expressed in the most trailing primordium cells. Loss
of either receptor causes the primordium to stall, as cells lose
directional migration and randomly tumble (Haas and Gilmour,
2006; Dambly-Chaudière et al., 2007; Valentin et al., 2007). Even
though both receptors are expressed in largely non-overlapping
domains, they bind to the ligand Cxcl12a/Sdf1a that is expressed
along the myoseptum along which the primordium migrates
(David et al., 2002). Studies performed in zebraﬁsh primordial
germ cells provided the crucial clue that Cxcr7b binds Cxcl12a/
Sdf1a but possibly does not lead to an intracellular signal, thereby
functioning as a sink for Cxcl12a/Sdf1a (Boldajipour et al., 2008).
Two elegant functional studies recently revealed that Cxcr7b in the
trailing end of the primordium indeed sequesters Cxcl12a/Sdf1a,
creating a Cxcl12a/Sdf1a protein gradient across the primordium
(Venkiteswaran et al., 2013).
The signals that initiate lateral line placode migration are not
well understood. Heterochronic transplantation studies performed
by Stone in the spotted salamander Ambystoma maculatum
(Ambystoma punctatum) suggest that the onset of migration is
determined by the placode (Stone, 1937). Premigratory placodes
transplanted onto the trunk of an older host were unable to
initiate migration, whereas placodes that had already started to
migrate before transplantation, continued to migrate even in
young hosts (Stone, 1937). In contrast, Dambly-Chaudière et al.
(2007) suggested that Cxcr4b/Cxcl12a chemokine signaling
induces migration, as the onset of placode migration coincides
with the onset of chemokine signaling. The chemokine gene
cxcl12b (sdf1a) is upregulated at 22 h post-fertilization (hpf) along
the horizontal myoseptum, while the receptor gene cxcr4b is
expressed in the primordium at 19 hpf, several hours after the
primordium itself can be visualized at 12–14 hpf (T.P., personal
observation). However, even though in cxcr4b and cxcl12a mutant
embryos the primordium indeed does not migrate very far, it
begins to migrate prior to 22 hpf and reaches somite 1 (T.P.,
unpublished data), suggesting that the onset of migration might
not be chemokine-dependent, whereas the maintenance of migra-
tion is. As maternal RNA or protein could be sufﬁcient for the onset
of migration, future studies need to determine if the placode
becomes migratory in homozygous or maternal/zygotic mutants.
Posterior lateral line placodes in non-teleost anamniotes
The ﬁndings in zebraﬁsh beg the question if posterior lateral
line primordium polarity is maintained by a similar or even
identical mechanism in non-teleost anamniotes. The only mole-
cular data available for lateral line placodes in non-teleosts stem
from studies in two amphibians (Xenopus and axolotl) (Baker et al.,
1995; Schlosser and Northcutt, 2000; Schlosser and Ahrens, 2004;
Metscher et al., 1997; Modrell and Baker, 2012), a chondrostean
ray-ﬁnned ﬁsh, the paddleﬁsh P. spathula (Modrell et al., 2011a,
2011b), and two cartilaginous ﬁshes (in which the posterior lateral
line primordium elongates to form a sensory ridge, rather than
migrating), namely a shark, Scyliorhinus canicula, and the little
skate L. erinacea (O'Neill et al., 2007; Gillis et al., 2012). However,
these molecular data almost entirely relate to transcription factor/
co-factor gene expression: Wnt, Fgf and chemokine pathway
members have not been investigated thus far.
Based on morphological differences between the migrating
posterior lateral line primordium in zebraﬁsh and non-teleosts, it
is possible that primordium migration and differentiation are
regulated or coordinated slightly differently. In zebraﬁsh, the
primordium is 4–5 cells deep along the dorsoventral axis and
appears club-shaped throughout its migration, which is coupled
with neuromast formation: Wnt signaling in the leading region of
the migrating primordium controls chemokine receptor expres-
sion, as well as Fgf signaling that controls rosette formation and
hair cell differentiation (Aman and Piotrowski, 2008). Both these
processes (rosette formation and hair cell differentiation) occur
within the migrating primordium itself (see Itoh and Chitnis,
2001; Chitnis et al., 2011). In paddleﬁsh (Modrell et al., 2011a,
2011b) and amphibians (e.g. Harrison, 1904; Stone, 1933;
Northcutt et al., 1994; Smith, 1996), the migrating primordium
only seems to be club-shaped early in its migration, and later
appears long and thin (Fig. 2C and D). Can Wnt, Fgf and chemokine
signaling self-organize in primordia that are much skinnier, as
they do in the club-shaped zebraﬁsh primordium (Aman and
Piotrowski, 2008; Venkiteswaran et al., 2013)? Other teleosts also
have a club-shaped posterior lateral line primordium (Fig. 5A).
Possibly the shape of the primordium is not a reliable predictor of
the differentiation status of its cells. For example, the axolotl (A.
mexicanum) possesses a skinny primordium (Fig. 5B; Smith, 1996)
that nevertheless appears to contain rosette-shaped organs. In the
spotted salamander A. maculatum (A. punctatum), Stone (1933)
described rosette formation before separation from the primor-
dium: “As soon as a segment is prepared to separate from the
migrating primordium, its cells have already become radially
arranged and their apices are pointed outward toward overlying
Fig. 5. Posterior line placodes vary in shape. (A) Nomarski brightﬁeld image of a
posterior lateral line primordium in a blind Mexican tetra (blind caveﬁsh, Astyanax
fasciatus). The primordium is club-shaped and sensory organs begin to form within
the migrating primordium (P1–P3) (reproduced from Sapède et al., 2002 with
permission from Development). (B) Scanning electron micrograph of the posterior
lateral line placode in an axolotl larva (Ambystoma mexicanum). The placode is
much thinner than in teleosts. Image reproduced with permission from the
International Journal of Developmental Biology (Smith, 1996). Scale bar 100 μm.
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host ectoderm.” Stone described hair cell differentiation within the
rosettes as occurring later, over a period of 22 h (Stone, 1933).
More molecular and histological data in non-teleost anamniotes
are needed in order to assess if differentiation of sensory organs
and hair cells occurs in the migrating primordium in these species
or if it occurs after cells have been deposited. Clearly, the ﬁrst step
to elucidate these questions is to perform expression analyses of
the relevant pathway genes in non-teleost anamniotes and to
develop techniques to abrogate their function.
Sensory ridge formation by elongating lateral line placodes
Even though we do not understand its molecular basis, the
cellular behavior of sensory ridge formation and subsequent sensory
organ formation has been analyzed in detail in the posterior lateral
line of sharks (Mustelus canis, Squalus acanthias) (Johnson, 1917), in
the supraorbital lateral line of a frog, X. laevis (arising from the pre-
otic anterodorsal lateral line placode) (Winklbauer and Hausen,
1983a, 1983b, 1985a, 1985b; Winklbauer, 1989), and in the head
lines of the axolotl (Northcutt et al., 1994).
In sharks and skates, the posterior lateral line placode elongates
caudally to the tail tip, forming a continuous sensory ridge (Johnson
calls it the “lateral sensory cord”) (Johnson, 1917) (Fig. 6A). In the
shark S. acanthias, Johnson (1917) reported that the leading region
of the ridge contains many dividing cells, and that as it extends
posteriorly, it pushes the overlying ectoderm up into a crescent-
shaped fold that becomes a shallow “epidermal pocket” (Fig. 6A, Ep.
Po.) and eventually a superﬁcial tunnel, unique to cartilaginous
ﬁshes (Fig. 6B and C; Gillis et al., 2012). How this tunnel actually
forms is unclear: Johnson (1917) says that “The shape of the fold is
explained by the fact that the central part is carried backwards by
Fig. 6. In cartilaginous ﬁshes, an epidermal pocket or tunnel forms above the posterior lateral line primordium as it elongates. (A) Lateral surface view of a 20 mm spiny
dogﬁsh (Squalus acanthias) specimen. The elongating posterior lateral line primordium (lateral sensory cord/ridge, Lat.Cd.) and epidermal pocket or tunnel (Ep.Po.) are clearly
visible (sketch reproduced from Johnson, 1917). (B) Scanning electron micrograph of the advancing tip of the posterior lateral line primordium within the epidermal pocket/
tunnel in the little skate Leucoraja erinacea (reproduced from Gillis et al., 2012). (C) The sensory ridge extends caudally along the entire length of the trunk. The opening to
the epidermal tunnel is indicated by a white arrow (reproduced from Gillis et al., 2012). (D) Horizontal section through the growing end of the posterior lateral line
primordium in a 15 mm S. acanthias specimen, showing the double-layered epidermal pocket/tunnel (Ep.Po) forming dorsal to it (modiﬁed from Johnson, 1917). (E) Lateral
surface view of a 27 mm S. acanthias specimen (reproduced from Johnson, 1917). (F) Transverse section through a 27 mm S. acanthias specimen at a level caudal to the ﬁrst
dorsal ﬁn, where the lateral sensory ridge is still covered by the superﬁcial epithelial pocket (reproduced from Johnson, 1917). (G) Transverse section through a 27 mm S.
acanthias specimen at a level rostral to the epidermal pocket/tunnel, where the lateral sensory ridge is exposed to the surface (reproduced from Johnson, 1917).
(H) Horizontal section through a 29 mm S. acanthias specimen. The hair cells are arranged into small groups (reproduced from Johnson, 1917). (I) Longitudinal section of the
lateral canal in a S. acanthias pup. The sketch shows the general histological morphology of the sensory epithelium, which is now enclosed within an epithelial canal (Lat.Cn.),
and its innervation (reproduced from Johnson, 1917). Abbreviations: Ac.O., accessory organ; Can., canal wall; Der, dermis; Dor.L., anlage of dorsal line of pit organs; Ep.Fl.,
epidermal fold; Ep.Po., epidermal pocket or tunnel; Epd., epidermis; Fb.Zn., longitudinal nerve ﬁber zone; Grp., group of hair cells; I.Orb.Cd., supraorbital sensory cord; Lat.
Cd., lateral sensory cord; Lat.Cn., lateral canal; Lat.Nv., lateral line nerve; pcf, pectoral ﬁn; pllp, posterior lateral line primordium; Pt.O., anlage of isolated pit organs; pvf,
pelvic ﬁn; Rml., ramulus lateralis (little branch of lateral line nerve); S.Orb.Cd., supraorbital sensory cord; Sn.Cl., secondary sense cell; Vas., vascular space.
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the rapidly elongating thickened cord of ectoderm, while the upper
and lower margins are retarded by the neighboring common
ectoderm with which they are continuous”. Similar ectodermal
folds form above the elongating head lateral line primordia, but
their walls degenerate rapidly so an elongated tunnel is not formed
(Johnson, 1917). A section through the epidermal pocket region of
the posterior lateral line primordium in a 15 mm S. acanthias
embryo shows the slightly enlarged leading portion of the elongat-
ing primordium (Fig. 6D), which Johnson (1917) describes as already
containing differentiating, as well as proliferating, cells: “Some of
the cells are assuming a columnar or a spindle form, while others
appear to be assuming the features of hair cells”, but these are not
yet arranged into “the little groups or clusters that a little later are
characteristic of the sensory column”. As the primordium elongates
caudally, the superﬁcial epidermal tunnel degenerates rostrally,
exposing the rostral part of the sensory ridge to the surface
(Fig. 6E–G, from a 27 mm embryo). Even within the caudal region
of the sensory ridge, beneath the epidermal pocket (Fig. 6F), “the
main features of the histology of the sense organs are discernible”,
while accessory organs have also “budded off” to the side (these
accessory organs are reported to form a longitudinal series running
parallel to the lateral sense organs) (Johnson, 1917). By the 29 mm
stage, the clustered groups of hair cells within the sensory ridge
form “a continuous chain of minute ‘swellings’” (Fig. 6H). By the
36 mm stage, “The sensory cord presents the appearance of a
minute chain of beads lying at the bottom of a shallow furrow”,
in which sense organ differentiation is more advanced in the rostral
part than in the caudal part (Johnson, 1917). The sensory ridge
subsequently invaginates further and eventually becomes enclosed
by an epithelial canal (Fig. 6I). Nearly a century after this careful
descriptive study was published (Johnson, 1917), we hope that
molecular tools will ﬁnally be brought to bear in this system to
reveal the mechanisms underlying posterior lateral line primor-
dium development in cartilaginous ﬁshes.
The axolotl (A. mexicanum) possesses two pre-otic and three post-
otic lateral line placodes (Fig. 3E and F in black; Northcutt et al., 1994)
(the otic lateral line placode is not present in this species). The pre-otic
anterodorsal placode (ad) elongates into two ridges above and below
the eye (supraorbital and infraorbital, respectively), while the pre-otic
anteroventral placode (av) elongates onto the lower jaw (Fig. 3E and F;
Northcutt et al., 1994). The post-otic middle (mid) and supratemporal
(st) lateral line placodes elongate, whereas the posterior lateral line
placode splits or gives rise to three migrating primordia that form lines
on the trunk (dorsal, main and ventral: pld, plm, plv). Differentiation of
neuromasts subsequently occurs in the most central portions of the
sensory ridge. Ampullary organs appear later and in more lateral
positions of the sensory ridge (Northcutt et al., 1994). Therefore,
mechanosensory and electrosensory organ differentiation must be
speciﬁed by different signals.
The cellular processes of placode elongation, growth and organ
differentiation have also been beautifully described in the Xenopus
supraorbital system (Winklbauer and Hausen, 1983a, 1983b, 1985a,
Fig. 7. Developmental sequence of supraorbital sensory ridge elongation and fragmentation in Xenopus. (A) Schematic drawing of the growth of several lateral line placodes
between stages 33/34, 39.5 and 43. (B) The outline of a supraorbital primordium redrawn from a photograph of a skin preparation representative of the respective stage,
together with the posterior margin of the nasal pit. The dashed reference line connects the dorsal margin of the nasal pit and the posterior end of the supraorbital line, which
always remains near to the anterior margin of the ear vesicle. Abbreviations for lateral line primordia: a, aortic lateral line primordium; cg, cement gland; e, position of ear
vesicle; io, infraorbital lateral line primordium; n, nasal pit; oc, occipital lateral line primordium; p, parietal part of lateral line primordium; so, supraorbital lateral line
primordium. Bar¼500 μm. Reproduced from Winklbauer and Hausen (1983a) with permission from the Journal of Embryology & Experimental Morphology.
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1985b; Winklbauer, 1989). The schematics in Fig. 7A and B show how
the supraorbital line primordium (which originates from the ante-
rodorsal lateral line placode) arises rostral to the otic vesicle, elongates
above and over the eye towards the nasal pit, and subsequently
fragments almost simultaneously along the length of the sensory
ridge, followed by differentiation of neuromasts (Winklbauer and
Hausen, 1983a). However, even after most of the primordium was
undergoing fragmentation, Winklbauer and Hausen (1983a) noted
that “there is still a movement of the unfragmented, most anterior
portion of the line, in a dorsal direction. This is the only feature that
reminds us of the mode of organ formation in the body lines”. Overall,
primordium elongation to form sensory ridges, and sensory organ
differentiation within the sensory ridges, seem very different from the
deposition of neuromasts by the migrating posterior lateral line
primordium. However, this remains an assumption in the absence of
molecular data on sensory ridge formation.
From observations in amphibians (axolotl and Xenopus), it is not
apparent if cells are actively migrating during placode elongation,
or if the elongation is only driven by proliferation, cell rearrange-
ments and cell shape changes. Proliferation occurs randomly
throughout the elongating placodes in both axolotl and Xenopus,
and it was proposed that proliferation and cell shape changes play
a major role in placode elongation (Winklbauer and Hausen, 1983a;
Northcutt et al., 1994). Winklbauer and Hausen (1983a) proposed
that cell migration is also an integral part of placode elongation.
They measured the speed of placode elongation, which fell in the
range of other actively migrating cells in the embryo. In support of
this conclusion, the Xenopus supraorbital placode sharply veers
dorsally as it approaches the nasal pit to give rise to the parietal
line (Fig. 7A, stage 41). Such a drastic change in direction could be
indicative of a chemotactic signal that usually acts on migrating
cells, rather than elongation by proliferation, as this would require
a change in the orientation of divisions. If future studies of placode
elongation with modern cell biological tools reveal that cells
actively migrate in the elongating placode, this process would be
similar to pronephric duct extension in the axolotl, which is driven
by cell migration (Drawbridge and Steinberg, 1996), or nephron
formation in the zebraﬁsh pronephros, which is driven by prolif-
eration and cell migration (Vasilyev et al., 2009, 2012).
How similar are elongating and migratory lateral line
placodes?
Both elongating and migratory lateral line placodes form
neuromasts, however the observations discussed above suggest
that these placodes might not be regulated by identical signals.
Even in zebraﬁsh, in which both the pre- and postotic placodes are
Fig. 8. (A) Alkaline phosphatase staining reveals that in sdf1a mutant zebraﬁsh, the posterior lateral line primordium has not migrated all the way to the tail tip. However,
the anterior lateral line neuromasts have formed normally around the eye and on the lower jaw (black arrow). Images fromMark Lush and T.P. (B) Stone (1928b) transplanted
pre-otic ectoderm from a donor spotted salamander (Ambystoma maculatum; A. punctatum) embryo (on the right of the diagram) into the position of the posterior lateral line
placode of the host embryo (on the left of the diagram). The placode migrated or extended and gave rise to a deﬁned number of neuromasts (bottom image, embryo with
gills and forelimb) (reproduced from Stone, 1928b). (C) Reciprocally, Stone (1928b) transplanted post-otic ectoderm into the position of the pre-otic supraorbital lateral line
primordium and reversed its orientation by 180 degrees. The transplanted placode migrated or extended around the eye and differentiated into neuromasts (reproduced
from Stone, 1928b). (D,E) The morphology of the lateral line is diverse between different species of teleosts (reproduced from Coombs et al., 1988 with permission from
Springer Verlag). (D) Cichlid with an interrupted trunk line. (E) Triggerﬁsh with a zig-zag shaped lateral line.
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migratory, they appear to be controlled by similar but not identical
mechanisms. For example, zebraﬁsh mutations or morphants for
chemokine signaling components that affect posterior lateral line
placode migration do not cause defects in migration of the anterior
lateral line placodes, since cranial neuromasts form normally
(Fig. 8A; also see David et al., 2002; López-Schier et al., 2004;
Dambly-Chaudière et al., 2007). This ﬁnding suggests that anterior
lateral line placode migration is independent of chemokine signal-
ing or depends on other guidance cues (Fig. 8A and B). On the
other hand, the anterior and posterior line lateral line placodes
express both orthologues of the extracellular matrix glycoprotein
anosmin1 (encoded by kal1a and kal1b) (Yanicostas et al., 2008),
which enhances Fgf2 signaling through Fgf receptor 1 in a heparan
sulfate-dependent manner (reviewed in Cadman et al., 2007;
Hardelin and Dodé, 2008). Anosmin1 was recently shown also to
enhance FGF8 and block BMP5 and WNT3a signaling (Endo et al.,
2012). Morpholino analysis suggested that Kal1a is essential for
posterior lateral line placode migration and also required for
formation of the usual number of cranial neuromasts, suggesting
that Fgf signaling may be important for the development of all
lateral line placodes, at least in zebraﬁsh (Yanicostas et al., 2008).
Analysis of fgf3-/-;fgf10-/- double mutants reported a failure of
neuromast deposition and elongation of the anterior lateral line
conﬁrming a requirement for Fgf signaling in all zebraﬁsh lateral
lines (McCarroll and Nechiporuk, 2013).
However, as sensory ridge and migratory placode behavior
appear to be such different processes it is tempting to assume in
the absence of molecular data that they are controlled by different
mechanisms. There also appear to be differences in the timing of
differentiation between elongating sensory ridges and migrating
placodes. Johnson (1917) reported cell differentiation within the
elongating sensory ridge, including near its leading edge at early
stages, signiﬁcantly before any clustering occurs (although this
needs to be conﬁrmed using molecular markers). In contrast, in
migrating lateral line placodes, rosettes form within the migrating
primordium. In the migrating zebraﬁsh posterior lateral line
primordium, Fgf signaling in the primordium is required to restrict
Wnt signaling to leading cells to ensure proper chemokine
expression (Aman and Piotrowski, 2008). Fgf signaling also trig-
gers differentiation in sensory precursor cells (Nechiporuk and
Raible, 2008; Matsuda and Chitnis, 2010). Therefore, in migrating
placodes the feedback loop between Wnt and Fgf signaling
couples and controls migration, as well as differentiation. Cur-
rently there is no information on the role of either signaling
pathway in elongating lateral line primordia, or whether elonga-
tion and differentiation are coupled or independent processes.
Despite these differences and perhaps surprisingly, heterotopic
transplantation studies in the spotted salamander A. maculatum
(A. punctatum) demonstrated that a pre-otic lateral line placode
can substitute for the posterior lateral line placode and vice versa
(Stone, 1928b). When Stone transplanted the pre-otic supraorbital
lateral line primordium (which arises from the anterodorsal lateral
line placode) to a position posterior to the ear, it migrated either
along the normal path of the dorsal or the midbody primordia
(both of which arise from the posterior lateral line placode) and
deposited neuromasts (Fig. 8B) (Stone, 1928b). This ﬁnding is the
more surprising given that the pre-otic placode normally elon-
gates into a ridge, whereas the posterior lateral line placode
migrates (Stone, 1928b, 1929) (reviewed in Schlosser, 2002a;
Northcutt, 2005). Midbody (i.e., posterior) lateral line placodes
that were transplanted into the position of the pre-otic supraorbi-
tal primordium (Fig. 8C) were also able to form normal sense
organs (Stone, 1928b). Even though the text states that the
transplanted supraorbital line and midbody (posterior) lateral line
placodes “migrated” along the trunk and superior to the eye,
respectively, the ﬁgure suggests that both placodes elongated
(Fig. 8B and C). If correct, this result would suggest that the
posterior lateral line placode was competent to respond to
environmental signals from the head and formed a sensory ridge,
whereas the supraorbital placode did not change its behavior and
formed a ridge on the trunk. Because of this discrepancy, these
reciprocal transplantation experiments do not reveal if the pre-
otic and post-otic placodes are competent to respond to environ-
mental signals that likely differ between the head and the trunk.
However, some placode behavior is certainly controlled by
placode-autonomous mechanisms. Interestingly, the pre-otic
supraorbital placode transplanted to the trunk did not migrate
all the way to the tail tip, suggesting that it did not scale according
to its new position (Fig. 8C) (Stone, 1928b). This ﬁnding suggests
that the approximate number of sense organs formed by a placode
is an intrinsic property of the placode and is not inﬂuenced by the
environment. This observation also sheds light on the mechanism
that stops primordium migration during normal development. By
analogy to what has been observed in primordial germ cell
migration and other migratory cells, a high, uniform level of the
attractive guidance molecule Cxcl12a/Sdf1 in the tail tip could be
responsible for halting cell migration (Doitsidou et al., 2002)
(reviewed in Aman and Piotrowski, 2011). However, these trans-
plantation experiments suggest that primordium-autonomous
mechanisms determine how far it can migrate and how many
sense organs it can produce. Stone experimentally conﬁrmed this
interpretation by transplanting midbody (posterior) lateral line
placodes between salamander species that normally form different
numbers of neuromasts (Stone, 1937). The midbody placode of the
tiger salamander, A. tigrinum, gives rise to 20–22 neuromasts,
whereas the equivalent placode in the spotted salamander, A.
maculatum (A. punctatum), gives rise to 12–14 neuromasts (Stone,
1937). An A. tigrinum midbody placode still produces 20–22
neuromasts if transplanted onto an A. maculatum larva and does
not reach the tail tip (Stone, 1937).
A number of authors reported that the position of neuromast
organs on the trunk is variable and also seems independent of
environmental signals (Harrison, 1904; Stone, 1928a; Smith et al.,
1990; Northcutt et al., 1995; Gompel et al., 2001; Aman et al.,
2011). Thus, lateral line development is dependent on
primordium-autonomous and non-autonomous cues and it will
be interesting to identify these signaling interactions and compare
them across species.
Development of postembryonic neuromasts
As the larvae of anamniotes grow, they need to increase the
number of lateral line sensory organs. In zebraﬁsh, and possibly all
teleosts, three processes contribute to the formation of the adult
pattern of sensory organs. First, the posterior lateral line placode
gives rise to a migrating primordium (primI) that not only deposits
primary neuromasts but also a string of interneuromast cells that
post-embryonically proliferate and differentiate into intercalary
neuromasts (Pichon and Ghysen, 2004; Grant et al., 2005; López-
Schier and Hudspeth, 2005). Second, a second posterior lateral line
placode (D0) arises at 24 hpf in the same post-otic position as the
primary posterior lateral line placode (Sarrazin et al., 2010); at
48 hpf, this second placode gives rise to neurons and to two
primordia, one that migrates to form a dorsal line (primD) and
another (primII) that migrates along the path of the primI, deposit-
ing another series of neuromasts (secondary neuromasts) in
between the primary neuromasts (Sapède et al., 2002; Nuñez
et al., 2009; Sarrazin et al., 2010). After approximately 2 weeks of
development, a neuromast has formed on every somite boundary.
The third mechanism to increase neuromast numbers in juveniles
(and possibly the sole mechanism in amphibians) is called
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‘stitching’, whereby neuromasts (in teleosts, those on the somite
boundaries) proliferate at the edges and bud off more neuromasts
(Stone, 1933, 1937; Northcutt et al., 1994; Pichon and Ghysen, 2004).
Stitching leads to short vertical lines of neuromasts on the trunk but
also forms the lines on the tail ﬁn (Pichon and Ghysen, 2004; Nuñez
et al., 2009; Ghysen et al., 2010; Wada et al., 2008, 2013).
Some progress has been made in determining how postembryonic
neuromast formation is controlled. The formation of intercalary
neuromasts from interneuromast cells is regulated by Schwann cells
that are associated with the lateral line nerve (Grant et al., 2005;
López-Schier and Hudspeth, 2005) (reviewed by Whitﬁeld, 2005;
Ghysen and Dambly-Chaudière, 2007). Interneuromast cells remain
quiescent, as long as they are in close proximity to the Schwann cells.
A few days post-fertilization, the lateral line begins to migrate
ventrally away from the horizontal myoseptum and Schwann cells
and interneuromast cells start to proliferate and differentiate into
intercalary neuromasts (reviewed by Whitﬁeld, 2005; Ghysen and
Dambly-Chaudière, 2007). The inhibitory signal expressed by Schwann
cells has not yet been identiﬁed.
Deposition of a relatively small number of primary neuromasts
that are later augmented by interneuromast cell-derived sensory
organs seems to have evolved in teleosts. In non-teleost ana-
mniotes, such as amphibians and sturgeons (chondrostean ray-
ﬁnned ﬁshes), the posterior lateral line primordium immediately
deposits a large number of neuromasts, suggesting that it does not
deposit interneuromast cells and that secondary primordia prob-
ably do not form (Stone, 1937; Pichon and Ghysen, 2004). Therefore,
the molecular mechanisms that control neuromast deposition are
likely to be different between teleost and non-teleost species. For
example, proliferation rates presumably have to be much higher in
the lateral line primordia of non-teleost species to be able to
generate so many neuromasts. In contrast, stitching of primary
neuromasts to form additional sensory organs seems to be char-
acteristic for all anamniotes (Stone, 1937; Northcutt et al., 1994;
Pichon and Ghysen, 2004; Nuñez et al., 2009; Ghysen et al., 2010;
Wada et al., 2008, 2013). Stitching on the adult zebraﬁsh tail ﬁn
requires lateral line nerve-initiated Wnt signaling and proliferation,
in contrast to development, where neuromasts form even in the
absence of innervation (Wada et al., 2013).
Changes in developmental processes that lead
to lateral line diversity
The morphology of the lateral line system rapidly evolved
leading to a wide variety of arrangements of lines (Blaxter, 1987;
Coombs et al., 1988; Fritzsch, 1989; Northcutt, 1989; Webb, 1989a,
1989b, 2014; Schlosser, 2002b; Gibbs, 2004). Even among different
species of adult teleosts, the morphology and positions of lines
vary greatly. In adult tropical reef ﬁsh, the lateral line is often
interrupted or it swings dorsally around the pectoral ﬁn (Fig. 8D
and E; Dijkgraaf, 1963, 1989). Body shape and myomere geometry
seem to determine the pattern of sensory organs on the trunk
(Coombs et al., 1988; Webb, 1989a, 1989b). This conclusion is
nicely supported by observations in a species of ﬂatﬁsh where the
lateral line curves dorsally around the pectoral ﬁn on the top side
of the ﬁsh, whereas it forms a straight line on the bottom side that
lacks a pectoral ﬁn (Dijkgraaf, 1963, 1989). Other species show an
increase or reduction in lines (Coombs et al., 1988; Webb, 1989a,
1989b, 2014; Gibbs, 2004). For example, juvenile zebraﬁsh possess
four trunk lines, whereas blue-ﬁn tuna (Thunnus thynnus) only
have one trunk line (Ghysen et al., 2010, 2012).
Comparisons between lateral line development in several teleost
species demonstrated that the early development is strikingly
conserved and that differences in postembryonic development lead
to distinct adult lateral line morphologies (Sapède et al., 2002;
Pichon and Ghysen, 2004; Ghysen et al., 2010, 2012). In all teleost
species investigated to date, such as zebraﬁsh, Mexican tetra
(Astyanax fasciatus), turbot (Psetta maxima), brown trout (Salmo
trutta), Northern pike (Esox lucius) and tuna (T. thynnus), the
primary primordium deposits a relatively small number of neuro-
masts along the horizontal myoseptum (Pichon and Ghysen, 2004;
Ghysen et al., 2012). A detailed analysis of postembryonic lateral
line development in zebraﬁsh and tuna revealed that neuromasts
migrate ventrally away from the horizontal myoseptum in juvenile
zebraﬁsh, whereas in tuna they move dorsally (Ghysen et al., 2010,
2012). Analogously, in cichlids, where the lateral line is interrupted
and then continues more ventrally (Gibbs, 2004), it is conceivable
that the posterior lateral line placode deposits a series of neuro-
masts in a line but that, post-embryonically, only the posterior
neuromasts undergo a ventral migration (Fig. 8D). Similarly, it is
likely that in triggerﬁsh with a wave-like lateral line (Gibbs, 2004),
postembryonic neuromast migration causes this pattern (Fig. 8E).
However, until the embryonic development is investigated it is also
possible that the primordium itself follows a wavy path. Alterna-
tively, in cichlids two primordia might migrate of which one fails to
deposit the anterior set and the other fails to deposit the posterior
set of neuromasts. As yet, no genes have been identiﬁed that
regulate the dorsal/ventral migration of neuromasts after they have
been deposited. This is largely due to the fact that not many genetic
screens have focused on postembryonic or adult phenotypes.
Different lateral line morphologies can also arise when pla-
codes split before migration and give rise to several distinct lines.
This is the case in zebraﬁsh larvae where an additional posterior
lateral line placode, D0, forms in the same position fromwhich the
primary posterior line placode originated (reviewed in Ghysen and
Dambly-Chaudière, 2007; Sarrazin et al., 2010). The primary
placode either leaves cells behind that subsequently give rise to
placode D0, or D0 is speciﬁed separately. As described above, D0
splits into a primordium (primD) that migrates dorsally to form a
dorsal trunk line and primII that follows the path of primI along
the horizontal myoseptum and deposits sensory organs in
between previously deposited neuromasts (Nuñez et al., 2009;
Sarrazin et al., 2010). Thus, in other species that possess an
increase in the number of lines along the trunk, the posterior
lateral line placode possibly splits into several placodes that
migrate along different paths at different times, as observed in
zebraﬁsh.
Even though in teleosts the posterior lateral line primordium
seems always to migrate along the horizontal myoseptum, this is
not the case for all non-teleost anamniotes. In the anuran
amphibians Xenopus and Rana, the mid trunk primordium does
not migrate along the horizontal myoseptum but veers dorsally
until it migrates along the dorsal border of the somites, where it
deposits closely spaced neuromasts (Wright, 1951; Pichon and
Ghysen, 2004). In the absence of gene expression analyses we can
only speculate that cxcl12a/sdf1a is expressed by different cell
types in amphibians, or that the placode responds to different, as
yet unidentiﬁed guidance cues.
Irrespective of whether the amazing variability in lateral line
morphologies across anamniotes arises during the earliest stages
of primordium migration or postembryonically, their study is
bound to discover new molecular mechanisms such as different
guidance cues or signals that enable coordinated migration and
growth of groups of cells.
Conclusion and perspective
The development of the lateral line system has been studied
now for almost 140 years, yet our understanding is very patchy.
We hope that, in this necessarily short and selective review, we
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have been able to highlight the diversity and scope of lateral line
development and the corresponding narrowness of the current
research focus speciﬁcally on the posterior lateral line placode of
zebraﬁsh. This is a wonderful experimental system, and dramatic
advances in the ﬁeld have been made as a result of this focus.
However, we already know that one of the key mechanisms
involved in the migration of this placode (the Cxcr4/Cxcl12
chemokine system) is not relevant for the formation of the
anterior lateral lines in zebraﬁsh; furthermore, zebraﬁsh do not
form sensory ridges. This teleost model system also cannot be
used to study how electroreceptive ampullary organs and neuro-
masts are speciﬁed within the same lateral line primordium.
Recent technical advances, from next-generation sequencing to
genome-editing technologies, will hopefully combine to give a
broader phylogenetic perspective on the development of this
ancient, fascinating sensory system.
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